Abstract: This paper presents a modeling approach of the condensate layer formation on the surface of printed circuit boards during Vapour Phase Soldering (VPS) process. The condensate layer formation model is an extension to a previously developed board level condensation model, which calculates the mass of the condensed material on the surface of the soldered printed circuit board. The condensate layer formation model applies combined transport mechanisms including convective mass transport due to the hydrostatic pressure difference in the layer and the gravity force; conductive and convective energy transport. The model can describe the dynamic formation and change of the condensate layer after the immersion of the soldered assembly into the saturated vapour space and can calculate the mass and energy transport in the formed condensate layer. This way the effect of the condensate layer changes on the heating of the soldered assembly can be investigated. It was shown that the numerical modeling of the VPS process becomes more accurate with application of dynamic condensate layer instead of a static description.
The Vapour Phase Soldering (VPS) or condensation soldering is an emerging reflow soldering technology in electronics industry, which could be a future alternative of forced convection and infrared reflow methods. During the VPS process a special heat transfer liquid (called Galden TM ) is boiled in a closed tank until a saturated vapour space is generated. After the saturation the prepared assembly is immersed into the vapour space, the vapour condenses and forms a continuous condensate layer on the surface of the assembly. The condensate layer -which heats the assembly above the melting point of the applied solder alloy -is heated by the latent heat of condensation and the heat from the surrounding medium (vapour). The
Galden liquid [1] is composed of perfluoropolyether substance (PFPE): where the flexible ether chain structure is closed with strong carbon-fluorine bonds providing stability. Galden liquid is produced with various boiling points (from 150ºC up to 240ºC) fitting the melting point of the applied solder alloy.
The condensation heating or cooling is a widely applied technology due to its high efficiency which makes this technology suitable for heating of facilities via heat pumps [2] and for cooling of electronics appliances via heat pipes [3] . In addition, the condensation plays an important role not only in direct condensational applications but in other various applications, such as the ventilation pipes of deeply buried tunnels [4] or in the technologies of CO 2 separation from steam [5] . From the point of soldering technology the most important advantages of VPS method are the almost uniform heating and the elimination of overheating since the maximum temperature during the soldering is equal with the boiling point of the applied heat transfer liquid [6, 7] . Vapour phase soldering also eliminates the shadowing effect in the case of small size components what is a frequent problem during the forced convection reflow soldering. During the VPS process oxidation of the solder joints is also avoided due to the inert atmosphere in the VPS tank and the condensate film layer on the assembly [8] .
Without proper control, the major disadvantage of the VPS process is the high heating gradient, while the heat transfer coefficient of the vapour can be much higher than in a forced convection oven [9] . This can result in soldering failures such as tombstoning, solder cracking, solder beading [10] , solder voiding [11] ; popcorn cracks of the packages and delamination of packages and PCBs [12] . Nowadays, there are a lot of technical innovations to reduce the previously mentioned soldering failures such as application of vacuum atmosphere [13] and soft vapour technology [14] . There are also some examples for the characterization of the VPS process parameters (concentration and temperature of the vapour) through measurements and simulations. Lam and Plotog worked with simple thermal profiling [15] and thermo-vision camera [16] to describe the temperature distribution inside the VPS tank. Vapour saturation and condensed droplet formation were also examined with floating polymer pillows and by optical probes [6] .
In our previous studies we have examined and modeled the vapour space saturation [17] and the condensation process [18] . During these studies the Galden layer was considered to be static with a given 250 µm thickness and without any motion and convection effect in the layer. According to the optical investigations of the VPS process by Illyefalvi-Vitéz et. al [8] , the concept of static condensate layer is not enough accurate approximation. During the VPS process the flow of Galden liquid is observable with changing velocity on the top side of the soldered PCB. The concept of constantly varying condensate layer is also supported by the results of highly changing vapour concentration during the VPS process which has a high impact on condensation [18] . However, in the literature of the VPS method there is no example where the dynamic changes of the condensate layer is examined. Therefore in this research we have concentrated to the dynamics of the condensate layer, such as the formation of the layer, the motion of the layer and the convective temperature transport effects. During this study the simple VPS process was investigated without soft vapour or vacuum application, in order to study how the dynamic changes of the condensate layer influence the heating efficiency and homogeneity of the VPS process.
Condensate layer formation model
This condensate layer formation model extends our previous board level condensation model which calculates the condensate mass on the surface of the soldered PCB according to the present values of vapour concentration and temperature (presented in [17, 18] ). In this study we have concentrated only to the physics of the condensate layer.
While the basic position of the PCB during the VPS process is horizontal, the concept of the condensate layer formation is the following: at the beginning of the process condensation starts on both sides of the PCB. For the top side we can apply the most advanced Bejan model [19] (for upward facing plate with free edges), which supposes zero condensate layer height with zero hydrostatic pressure at the top edges of the plate. This causes pressure differences in the condensate layer which triggers the motion of the Galden liquid towards the edges of the plate. According to Gerstmann and Griffith, this results in a "wavy structure" of the condensate layer on the bottom side of the plate [20] . A schematic of the condensate layer model can be seen in 
Pysicsal description of the condensate layer formation
The governing equations of the condensate layer are given below. The continuity equation for incompressible fluids can be used since the pressure change has no effect on the density:
The Navier-Stokes equation for incompressible fluids is adopted here to close governing equations: . Equation (2) can be expressed in the same way for the y and z directions.
Due to the motion of the condensate layer the simple heat equation applied in the condensation model [17, 18] has to supplement with the convective parts:
where T is the temperature [ºC], λ is the specific heat conductivity [W/m.K] and C S is the
The hydrostatic pressure in the condensate layer -what induces the movement of the Galden liquid -is calculated [19] : The motion of the condensate layer causes a mass flow in the condensate layer which is calculated:
where q m is the mass flow [kg/s].
During the observed VPS process the temperature change of the condensate layer is over 100ºC. Therefore the density and the kinematic viscosity of the Galden liquid cannot be considered to be constant; they are calculated according to the Galden supplier's data [21] :
( ) . . 
The height of the condensate layer depends on the density:
where m is the mass of the condensate According to the principle of minimum energy [22] , the maximum condensate thickness on the bottom side can be calculated [20] :
where σ is the surface tension [N/m] and θ is the decline angel of the board [rad] which is zero in our case. In this application h max is ~1.05 mm, what means that the dropping of the condensate layer starts over this condensate thickness. The amount of dropping condensate depends on the spatial hydrostatic pressure gradient of the condensate layer since the condensate layer thrives for the surface with the minimum energy (so it approaches to decrease the spatial hydrostatic pressure differences). Therefore the condensate layer thickness decrease caused by the dropping is calculated (with application of Eq. 4 and 8):
where r is the local vector. It has to be noted that the goal is to approximate the thickness of the condensate layer on the bottom side -which is an important factor of the heating -and not to investigate the accurate dropping phenomenon or drop formation.
Numerical calculations
The model was implemented in MATLAB V.10 software. The model was solved by the Finite Difference Method (FDM) with the three dimensional explicit Forward Time Central Space (FTCS) algorithm. The governing equations of velocity (Eq. 2) have the following form:
,( ) ,
where the coefficients are the followings:
where, n is the indexing of the mesh, Δt is the time step The other coefficient and equations towards the different directions can be produced in the same way. The governing equations of temperature (Eq. 3) have the following form:
According to Eq. 5, the movement of the condensate layer causes mass change in the given cell:
According to Eq. 10, the condensate thickness change on the bottom side caused by the dropping is calculated:
The mass change caused by the dropping effect is calculated by Eq. 6 and 8:
According to Eq. 4, 6, 8 and 10 the mass change results in the change of the hydrostatic pressure in the given cell:
where the hydrostatic effect of the Galden vapour is neglected, since the density of the Galden 
and for the bottom side:
Experimental procedures and Model discretisation
A batch type, experimental VPS oven was used for our investigation. The oven was constructed in our laboratory (details of development are published in [6, 9] ). The base unit of the oven is a double walled (thickness is 0. As it was discussed in the Introduction section the condensate layer formation model is an extension of our board level condensation model [18] which has an embedded structure and runs together with the process level model of VPS (presented in [17] Unfortunately accurate optical measurement cannot be carried out for verification of the condensate layer formation since the layer is diffuse but the vapour space is not. The spontaneous "Galden rain" [8] due to the condensation around the top lid and the particles in the vapour space would also disturb the optical investigations. In addition the maximum thickness of the condensate layer is ~200 µm. The Galden is inert; therefore some kind of level measurement through chemical reagents is also impossible. However the thickness of the condensate layer changes the thermal diffusivity of the layer. Therefore the condensate layer formation can be verified via temperature change measurements of the heated test board. The temperature measurements were performed with K-type thermocouples (absolute measurement accuracy was ±0.5 °C) at different locations inside the board (the thermocouples were embedded into the board to avoid the perturbation of the condensate layer formation).
The verification of the condensate layer formation model has started after 16 minutes preheating of the VPS system. Results of the verification can be seen in Fig. 3 where the pervious verification results of the simple condensation model [18] -which applies static condensate thickness -is also presented. It can be concluded that the match of the results with the dynamic condensate layer (red curves) is better than in the case of the static condensate layer (blue dashed curve). In addition, the model with the static condensate layer has produced the same calculation results at any location of the board. Therefore the simulation results become more accurate with the modeling of the condensate layer formation. The absolute error decreased from 5% under 1%. (Detailed discussion of the absolute velocity values will be presented later.)
According to the results on the top side (Fig. 4) , the condensation is very intense after the immersion of the board into the vapour space. At 0.5 s the thickness of the condensate reaches 100 µm (Fig. 4a) . The fast thickness increase results in high hydrostatic pressure gradients at the edges which cause sudden velocity increase of the condensate towards the edges (Fig 4a-b) .
This effect results in that the thickness of the condensate layer decreases at the edges very soon (Fig. 4b)) . A slight corner effect is also observable both on the temperature and the thickness values. Between 1.5 -2 s the condensate thickness reaches the maximum value over 200 µm ( Fig. 4c) , then the layer thickness is decreasing, since the condensing mass is less than the mass of the down-flowing liquid. However the decrease of the layer is not as fast as the increase since the flow velocity is decreased by the convective component (in Eq. 2.) and there is still condensation up to ~4 s (Fig 4d) ) where the temperature reaches the dew point in the whole layer (the region at the edges reaches the dew point a bit faster).
In Fig. 5 the condensate thicknesses, the absolute flow velocities, the temperature differences and the mass flows are analyzed on the top side of the board from the center towards a corner (red curves) and towards a side (blue curves) during the whole soldering process. The effect of rapid velocity increase between 0 -1.5 sec (Fig. 5b ) results in break points on the condensate thickness curves (Fig. 5a ) at the starts of the high gradient velocity increase periods. The thickness increase is slowing (or sometimes changes to decrease) when the velocity increase starts. The previously discussed dew point -where the condensation is stopped -is also visible in Fig. 5a which makes the thickness decrease faster. At the end of the process (25 sec) the condensate layer thickness decreases under 10 µm (Fig. 5a ). The flow velocity (Fig. 5b ) and the mass flow (Fig. 5c ) is more intense towards the corners than the sides, however at the corners the very low layer thicknesses cause much lower mas flow values (P8) compared to the sides (P4).
As it was visible in Fig. 4 , considerable temperature differences are formed in the condensate layer on the top side. Between 0 -0.5 sec, before the high gradient velocity increases (Fig. 5b ) the condensate layer is colder at the edges (Fig. 5c and Fig. 4a ) since the thinner condensate at the edges has smaller heat capacity and cold down faster as the thicker condensate towards the center. Between 0.5 -1.5 sec when the flow velocities have the maximum values, the previous trend reverses due to the convection effect (Eq. 3) and the maximum temperature difference reaches +7.8 ºC (Fig. 5c) . Between 1.5 -4 sec when the flow velocity decreases, the temperature differences also have a monotone decrease, however remains over zero during the whole process. The stop of the condensation (after the dew point)
perturbs the temperature distribution in the condensate layer. Between 4 -6 sec the temperature differences starts to increase again since the "extra" energy of the condensation for the center region is disappeared (as it was discussed the dew point is reached faster at the edges, around ~3 sec). After 6 sec when the previous effect vanished, the temperature differences starts to decrease again. The fluctuating temperature distribution also influents the heating of the soldered PCB; this phenomenon will be discussed later. perturbs the bottom layer which forms a wavy structure (Fig. 6 ). In fig. 7 the condensate parameter analysis can be seen on the bottom side. The maximum thickness differences are between 10 -15% in the first 11 sec, after the start of the dropping it decreases to 1 -2% (Fig. 7a) . As it was previously discussed the flow field is disordered on the bottom side (Fig. 7b) and the maximum velocity values are 15 times smaller compared to the top side (Fig. 5b) . It is also visible in the flow analysis of the bottom side (Fig. 7b-c) , that the condensation starts again for short times after the "global" dew point at 4 sec. This is also barely visible on the results of the top side as minor velocity increases (Fig. 5b) . The mass flow differences towards the different directions are also smaller on the bottom side compared to the velocity differences. Fig. 5c and 7c ). This phenomenon is due to the 10 times thicker condensate layer on the bottom side.
The temperature distribution is more homogeneous on most of the bottom surface expect at the edges where the maximum temperature difference reaches +13.8 ºC which is the double of the top side results (Fig. 6a-b and 7d ). This interesting situation is caused by the combined effect of the relatively equal condensate thickness, the huge amount of down-flowing Galden liquid from the top edges to the bottom edges and the temperature difference between the condensate layers. (The thinner condensate layer on the top side is warmer due to its smaller heat capacity as it is visible when compare Fig. 4d and 6b. ). Between 0 -4 sec the temperature changes at the bottom edges show similar behavior with the top side results. Between 4 -6 sec the effect of the dew point is not visible here due to the much higher heat capacity of the thick condensate layer on the bottom side.
The previously discussed effects can cause heating ability differences during the VPS process which is presented in Fig. 8 . The temperature differences on the surface of the soldered board are smaller (Fig. 8a-b) as in the condensate layer ( Fig. 5d and 7d) , this is observable mainly in the case of the bottom side of the board. However the maximums can reach 7 ºC at the edges of the board (P4 and P8). Therefore it is suggested to optimize keepout regions for the components at the edges of the PCB during the design of the circuit if it will be assembled by VPS. From P3 and P7 points towards the center of the board (what covers ~75% area of the board) the temperature difference is under 3 ºC what is outstanding in the field of reflow soldering technologies. According to the thermal profile analysis (Fig. 8c) , the heating up of the bottom side is not as rapid as it is on the top side. This is caused by the ~10 times bigger heat capacity of the condensate layer on the bottom side compared to the top side. Around 5 sec after the immersion, for a while the maximum differences can reach 14 ºC between the same points on the top and bottom side. This effect alone cannot cause soldering failures;
however it is suggested to fit the process time to the demands of the bottom side during the setting of the soldering parameters. Due to the down-flowing condensate, the temperature increases towards the edges of the board (also on the top and bottom side) which result in higher heating gradient at the edges.
The maximum temperature difference can reach 7 ºC between the edges and the center of the board. Therefore it is suggested to intentionally design component keepout regions at edges during the design of the circuit if it will be assembled by VPS. On the other ~75% area of the board the temperature difference is under 3 ºC what is acceptable. The heating up of the bottom side is not as rapid as it is on the top side due to the ~10 times higher amount of the condensate on the bottom side. This effect is not able to cause soldering failures in itself;
however it is suggested to fit the process time to the demands of the bottom side during the setting of the soldering parameters.
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